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Abstract

Lead has been recognized for years as an environmental pollutant of concern for young
children. Nonetheless, many children in the U.S. still experience high body burdens of
lead. Reducing exposure to lead must include an assessment of all potential sources of

lead and a definition of routes of exposure.

In this paper, the relationships between soil lead and blood lead concentrations in residents
in communities with high soil lead concentrations resulting from past mining and ore
processing (milling) activities are compared to those derived from studies in urban
communities or communities with operating smelters. The impact of mine waste-derived
lead in soil (usually in the form of lead sulfide) on blood lead is less than for lead in soil
derived from smelter, vehicle, or paint sources. Possible reasons for a reduced impact of
lead sulfide on blood lead in children in mining communities include the following:'lcad
from mining sources contributes less to lead in the immediate environment of children than
lead from other sources; mine wastes typically have larger parﬁclc sizes which decrease the
bioavailability of lead in the gastrointestinal tract; and lead sulfide is absorbed less in the

gastrointestinal tract compared to other lead species.

A reduced impact of mine waste-derived lead on blood lead may be important from a

regulatory point of view. Expensive clean-up actions for lead contaminated soils in mining
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Introduction

Lead poisoning in young children is one of the most prevalent and preventable childhood
public health problems in the U.S. today (USDHHS, 1985). Lead is a ubiquitous
contaminant in the environment and can enter the body from many sources including paint,
air, water, soils, and foods. The relative importance of the different sources of lead
exposure is a function of several variables, such as the concentration of lead in the source,
the physical and chemical form of the lead, and the particular characteristics of the
population of concern. Young children are more susceptible to effects from lead exposure
due to physiological reasons, such as their greater ability to absorb lead from the gut, and

behavioral reasons, such as greater hand-to-mouth activities (U.S. EPA, 1986a & 1986b).

In recent years, lead concentrations in some environmental media, such as air, have
dcch’ned. Soils contaminated with lead, however, remain a persistent problem because of
the long half-life of lead in soils. Thus, lead-contaminated soils and housedust have
emerged as important contributors to blood lead concentrations. This paper reviews the
contribution of lead from mine wastes in soils or housedust to blood lead levels of children

living near the wastes.

Evaluating exposure to lead in mine wastes is important because regulatory actions in

towns with mine wastes are often based on the predicted health risks from exposure to
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soils contaminated with mining derived metals. In the case of lead, most information on
the relationship between blood lead and lead in soils is derived from studies conducted in
urban communities or communities with operating smelters. Based largely on these types
of studies, for example, the U.S. Centers for Disease Control (CDC) has suggested that
when soil lead exceeds 500-1,000 ppm, children’s blood leads may increase above
background levels (U.S. DHHS, 1985). The current literature suggests, however, that
children living in mining towns without a recent history of smelting activities, in some cases
with soil lead concentrations in excess of 10,000 ppm, do not suffer from elevated blood
lead concentrations (i.e., greater than 25 pg lead/dl blood) (Heyworth et al, 1981). This
observation raises the question of whether lead in mine wastes may differ in terms of
public health risks from lead from other sources, such as smelters, paint, or vehicles. If
so, the effectiveness of extensive and expensive removal actions of soils with high

concentrations of mining-derived lead in reducing blood lead concentrations is questionable.

In this paper, epidemiological studies that have investigated the relationship between
soil/dust lead and blood lead concentrations in urban towns and towns with operating
smelters will be summarized to provide comparisons for a more in-depth review of the
same relationship from studies in towns with mine wastes (hereinafter referred to as
"mining" towns). Selected occupational health studies involving exposure to lead sulfide
(galena), the primary form of mined lead, are then reviewed. These studies can be

instructive in evaluating the bioavailability of lead sulfide. Finally, possible explanations
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of why exposure to lead in mine wastes results in less than expected blood lead
concentrations given the magnitude of soil lead concentrations will be explored. Such

explanations include the following:

a. differences in the extent of migration of lead contaminated particles from the
location of the mine wastes to the property of the home or inside the home,

and eventually onto the hands of children residing in the home;

b. influence of particle size of mine wastes on the solubility of the lead species;
and
c. the significance of the solubilities of different forms of lead in the human

system, thereby affecting the bioavailability of lead in the body.

1. Blood Lead Studies in Urban and Smelter Areas

Over the past 20 years, many investigators have studied the correlations between blood
lead and environmental lead concentrations, including soil and housedust lead, especially
in urban communities or communities with operating smelters. In this paper, findings from
these studies will only be summarized; more detailed reviews are available elsewhere

(Elwood, 1986; Duggan and Inskip, 1985; U.S. EPA, 1986a). Of particular interest are
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the "slope” values derived from these studies. The slope value is the relationship of the
expectéd increase in blood lead levels to a certain increase in soil (or housedust) lead
concentration. Usually, the units are ng/dl blood lead per 1000 ppm soil lead. As stated
earlier, summarizing smelter/urban studies is necessary in order to provide a comparison

point for mining studies reviewed below.

A. Smelter Studies: Studies investigating the relationship between soil lead and blood lead
in towns with operating smelters show a range of slopes of about 1 to 7.6 with an

arithmetic mean of 4.2 and a median of 4.6, that is, an increase of 1 to 7.6 ug/dl in blood

lead per 1000 ppm soil lead might be expected (Panhandle District et al., 1986; Yankel et
al, 1977; Angle and Mclintire, 1979; Neri et al,, 1978; Walter, 1980; and Roberts et al,
1974). Table 1 shows the slopes derived for the above studies. Most of the slopes shown
in Table 1 were calculated by EPA staff (U.S. EPA, 1986b). Because individuals are
exposed to lead from multiple sources, simply calculating the relationship between one
source and blood lead may be misleading. For example, if two sources covary, the
predicted impact of one source on blood lead would be greater than the impact that
actually occurs. A number of statistical models have been developed to estimate the
relationship while considering other sources of exposure. EPA staff in most cases used a
linear (or goodness-of-fit) model (assuming a log normal distribution for blood leads, which

is consistent with many blood lead studies) to evaluate how lead concentrations in various
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environmental media are separately accounted for in terms of their specific contribution

to blood lead. A basic linear model is:

In (PbB) = |In (bo + blEl + ... bsEs)

where: PbB = blood lead
by = regression coefficient for source S
E, = environmental exposure from source S
b @,
o -

For a more detailed discussion, see U.S. EPA, 1986b.

In one study shown in Table 1 (Roberts et al., 1974), independent reviewers calculated
slopes, noting that the slopes are corrected for the increase in blood lead due to air lead
(Duggan and Inskip, 1985). The estimated slope of a second study (Panhandle District et
al,, 1986) reflects the change in blood lead vs. the change in soil lead in children living
near vs. far from a smelter #4d which was closed 2 years prior to the study, and does not
take into account other factors. Thus, the slope value of 3.0 from this study may be an
overestimate. All the slope values shown in Table 1 are based on geometric mean blood

lead and soil lead values.’

"Population studies of blood lead concentrations show that these concentrations have
a skewed distribution. Thus, it is generally more appropriate to describe the overall
population blood lead concentrations in terms of geometric means, which are better to use
with skewed data. It would be inappropriate to compare a geometric mean value with an
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analysjs
Ln(PbB) = 1.276 + 152 Ln(PbH) +.182 Ln(PbD)
Ln(PbH) = 0.966 + 444 Ln(PbD)
Ln(PbD) = 4.691 + 325 Ln(XRFHAz) + .268 Ln(PbSS)
> e el e
A
QV) arithmet;c an vajye, Thus, all Comparijsong in this Paper between blood lead
Concentratj, S€en in ope Study v, another Study are COmparisong based
Means,

On geometric

Tpt808t.70¢



where: PbB = blood lead

PbH = hand lead

PbD = interior dust lead
XRFHAZ = interior paint lead
PbSS = surface soil scrapings

Their 1986 data indicated that PbB increases from 10.4 .g/dl to 16.6 ug/dl with PbSS
increasing from 0 to 1000 ppm. This translates to a slope of 6.2. However, when soil
concentrations increased from 1000 to 2000 ppm, the PbB increased only 0.76 ng/dl, or a

slope of 0.76 (Bornschein et al., 1986).

The remaining two slopes in Table 2 of 8.1 and 2.7 simply reflect the change in blood lead
vs. the change in soil lead in each of the studies. They do not, therefore, contro! for other
possible sources of lead in the environment, some of which (e.g. air) may co-vary with soil
lead. Thus, these values could be overestimates. Of the six studies based on geometric
mean values, the arithmetic mean slope is 3.2, the median is 2.5, and the range is 1.2 to

6.2.

The variability from household dust:blood lead concentrations is comparable to that of the
soil:blood lead relationship. As with soil lead, a major problem with studies of lead in dust

in relation to body lead burdens is the absence of any current standard method for
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collecting dust (or soil) samples (ATSDR, 1988). For example, methods for dust collection
include vacuum samples, wipe samples, and greased plate samples. Lead concentrations
in housedust vary as a function of their primary contributors {e.g., paint, gasoline, stationary
source emissions). For example, some authors have noted a strong correlation between
type of housing (a surrogate for lead paint) and blood lead levels (Bornschein et al., 1986;
Stark et al., 1982; Elwood, 1986). Reports addressing the quantitative relationship between
dust lead and blood lead show a range from well below 1 to 7 for slope values (Elwood,
1986; U.S. EPA, 1986b). Recent data by Bornschein and coworkers show that dust lead
transmitted via children’s hands to their mouths accounts for a significant fraction of blood
lead increases. Soil lead, in turn, is a significant contributor to housedust lead (Bornschein

et al., 1986).

C. Summary: For studies in both urban communities and communities with operating
smelters, the range of slopes relating blood lead to soil lead is similar, that is,
about 1 to 8. After review of all studies at the time, EPA determined that a reasonable
estimate for the slope value was 2.0 (U.S. EPA, 1986a). The basis for this conclusion was
the calculation of the median slope value from the studies EPA reviewed (U.S. EPA,

1986a).
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II1. Blood Lead Studies in Mining Areas

Compared to studies conducted in urban areas and areas with operating smelters, relatively
few studies have been published investigating blood lead concentrations in old mining areas
contaminated with mine wastes and without a recent history or any history of smelting
activities. Such areas are not uncommon in some parts of the U.S,, such as southeastern
Missouri (the "Missouri Lead Belt") and in parts of several western states. Some sites with

mine wastes are currently being investigated, and full results are not yet available.

A. Bornschein et al.. 1988: This study took place in Telluride, Colorado, which has
tailings piles on the edge of town. A total of 231 individuals were tested for blood lead
in 1987. Of these, 96 were children 6 years or younger. The geometric average blood lead
concentration in the children was 6.1 ug/dl. Samples of soil scrapings, core soils (1" deep),
household dust, interior and exterior paint, and hand wipes were taken. Soil scrapings
averaged 178 ppm lead (geometric mean) with a maximum of 1895 ppm. Floor dust
averaged 281 ppm, and ranged from 86 to 3165 ppm, while window sill dust averaged

567 ppm (range 42 to 147,267 ppm).

A significant correlation was seen with housedust lead and blood lead, but not directly with
soil lead and blood lead. As mentioned above, soil lead contributes indirectly to blood

leads via contaminating housedust and then getting onto the hands of young children. The
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authors concluded that for every 100 ppm lead in soil, an increase of 0.22 .g/d] lead in
blood would be predicted, corresponding to a 2.2 pg/dl increase per 1000 ppm soil lead.
The analysis utilized the same structural equations discussed previously. The 2.2 slope
value was determined from data where soil concentrations increased from 500 to
1000 ppm. No information on PbB increases resulting from higher lead concentrations in

soil, e.g. 1000 to 2000 ppm, was provided.

B. Barltrop et al.. 1988: Results from a study in the villages of Shipham and North
Petherton (Somerset County), Enéland were recently reported. In the study, blood lead
was measured in 178 children, divided into high and low exposure groups. The high
exposure group lived in areas with soil lead concentrations greater than 1000 ppm (mean
= 1850 ppm, type of mean unspecified, likely geometric). Children in the low exposure
group lived in areas with soil lead concentrations less than 1000 ppm (mean = 177 ppm).
For the high exposure group, the mean housedust lead concentration was 879 ppm, and
for the low exposure group, the mean housedust lead concentration was 478 ppm. Both
groups had virtually identical mean blood lead concentrations, 8.9 ug/dl for the high
exposure group, and 8.8 ng/dl for the low exposure group. No further information on
correlations between specific children and their exposures to lead in the environment was

available.
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C. Gallacher et al., 1984: Children from four areas of Wales with differing degrees of
environmental lead concentration were studied. Two areas were near heavy traffic, one
was a rural control village, and the fourth was contaminated by spoil from lead mining in
the past. The investigators found a significant difference between blood lead
concentrations in 1-3 year olds in the mining town vs. the control town. The mining town
had a geometric mean soil lead concentration of 1167 ppm, while the control town had a
geometric mean of 79 ppm (no soil measurements were made in the traffic settings).
Housedust geometric mean concentrations were 350 and 177 ppm for mining and control
towns, respectively. The mining town children had a mean (type not specified) of
21.8 ug/dl blood lead, while the control children had a mean of 17.0 ng/d] blood lead (a
significant difference). Children in the two traffic areas had the lowest mean blood levels
(14.2 and 16 ng/dl). Because the difference between soil lead concentrations in the mining
and control towns is slightly greater than 1000 ppm, this would suggest an increase of
about 4.5 ug/dl blood lead per 1000 ppm soil lead, assuming no other sources of blood lead

covary with soil lead.

D. Heyworth et al., 1981: This study was conducted in Northampton, Australia, where
galena had been mined since 1851. Tailings from the mines have been used extensively
throughout the town in foundations of buildings, driveways, school playgrounds, streets, and
other public areas. Surface soil from the town boundary contained 300 ppm lead, from

a recreational ground, 12,000 ppm, and from a school playground, 11,000 ppm. Tailings
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themselves had lead concentrations up to 150,000 ppm. Blood leads were analyzed in
181 children aged 5-14. No significant difference was found in the blood leads of children
who had been living in houses reportedly built on mill tailings (mean of 10.8 p.g/dl, type
of mean unspecified) vs. those who had not (mean of 12.0 ug/dl). Children who lived in
Northampton had mean blood leads of 12.8 pg/dl vs. children outside of town with mean
blood leads of 11.2 ug/dl, a statistically significant difference. The authors suggested the
blood leads found in resident children were somewhat lower than expected (based on the
Barltrop et al,, 1975 study). They hypothesized that either the children were exposed to
soil lead concentrations considerably less than the 1% in the playground, or the lead was
relatively unavailable for absorption. The study is limited by the lack of data on actual
exposures to the children, on children more sensitive to lead exposures (aged 6 or less),
and on the uncertainty of responses to questions on residence on mine tailings (determined

by questionnaires).

E. Barltrop et al.. 1975: This study was conducted in Derbyshire, England. Eighty-two

children, aged 2-3 years old, had their blood analyzed for lead. Thirty-two children lived
in a low soil lead area, while 48 lived in a high soil lead area. Samples from garden soil
and housedust were taken from each of the homes in the study. The geometric mean
soil lead concentration in the low soil lead area was 518 ppm (range 130-3000 ppm), while
in the high soil lead area, the geometric mean was 4881 ppm (range 1050-28,000 ppm).

The geometric mean housedust lead in the low soil lead area was 565 ppm (range 190-

14 rpt808t.706



2450) while in the high soil lead area, it was 1803 ppm (range 420-25,000 ppm). The
children in the low soil lead area had a geometric mean blood lead of 20.9 ug/dl, while in

the high soil lead area, the geometric mean blood lead was 25.0 ng/dl.

~ Based on this study, the U.S. EPA calculated a slope of 0.6, that is, a 0.6 ng/dl increase
per 1000 ppm increase in soil lead (U.S. EPA, 1986b). Barltrop and coworkers concluded
that despite the high soil lead concentrations (a high mean of 13,969 ppm), this source of

exposure contributed little to children’s blood lead concentrations.

F. Barltrop et al., 1974 - This study was conducted in two towns, Matlock and Buxton, in
Derbyshire, England. Blood lead concentrations were measured in children aged 2-3 years.
Surface soils from the home of each child were also analyzed for their lead content. The
geometric mean soil lead in Matlock was 909 ppm, while for Buxton, it was 398 ppm.
Blood leads were reported separately for the spring and summer seasons. For both
seasons, the geometric mean blood lead concentrations were actually lower (but not
significantly so) in Matlock than in Buxton. In Matlock, the geometric mean was 20.1 ng/dl
in the spring and 24.7 ng/dl in the summer, while for Buxton, it was 22.8 pg/dl and

28.1 ug/dl, respectively.
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G. Other Studies: Limited results of blood lead testing in towns with soils contaminated
with mining-derived materials are available for Skagway, Alaska (Alaska, 1988) and Park

City, Utah (ATSDR, 1988a).

Skagway, Alaska is the site of an ore terminal. Trucks loaded with ore from a nearby
mine passed through a residential area in Skagway (along State Street) on their way to the
ore terminal. Testing of soil samples near the terminal and along State Street revealed
high lead concentrations (mean and range unknown). For example, one sample from a
street gutter had a lead concentration greater than 28,000 ppm. For that location,
however, five feet inside a private property line, the lead concentration was only 672 ppm.
Most residential soils in Skagway had lead concentrations less than 500 ppm. Of 20
residential soil samples along State Street, 12 were greater than 500 ppm, and 5 greater

than 1000 ppm.

Skagway residents did not have elevated blood lead concentrations [for children aged 0-
5, mean (unspecified type) blood lead was 6.7 pg/dl; for children aged 6-18, mean blood
lead was 4.5 ng/dl]. No details were available on where the subjects lived or on the soil
lead concentration at their respective residences. In addition, blood lead concentrations
of children living "near" vs. "far" from the ore terminal and State Street were reviewed.
No significant differences between blood lead concentrations in these two groups were

found (Alaska, 1988).
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Two studies have been conducted in Park City, Utah, where extensive mining and milling
has occurred since the late 19th century. Residential subdivisions (Prospector Area) were
constructed on mine tailings in the 1970s. The first study was conducted in 1984 (Perrotta
and Stafford, undated). Children, aged 2-14, from the Prospector Area and a control area
1/2 mile north of the site were chosen for blood lead determinations. The only reported
soil lead concentration for either area was a maximum value of 8000 ppm in the
Prospector Area. April 1984 testing results showed children in the Prospector Area
(N = 39) had an arithmetic mean blood lead of 9.3 ng/dl vs. 5.3 ug/dl for the controls
(N = 9). October 1984 results showed children in the Prospector Area (N = 48) had an
arithmetic mean blood lead of 10.4 pg/dl vs. 9.2 ng/dl for controls (N = 19). Neither
difference between the two groups of children were significant. F&;trylore sensitive age
group of 2-5 year olds, the October results showed the arithmc?&glro{)d lead was 11.5 pg/dl

in residents vs. 9-5 ug/dl in controls (number of 2-5 year olds not reported for either
grggp)-
&

In 1985, city officials covered the tailings with 6 inches of topsoil. Two years later, the
Agency for Toxic Substances and Disease Registry conducted a blood lead testing program
for residents in the Prospector Area ("target” area) and for residents in a "comparison”
area in Park City. At the same time, the EPA measured surface soil lead concentrations

in both areas. The EPA report was not available for review, but results were summarized
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in the ATSDR report. Despite the 1985 action of covering the tailings with 6 inches of
topsoil, surface soils in the target area had maximum lead concentrations of 2250-5840 ppm
[mean (unspecified type) of 3422 ppm, range of 16-5840 ppm). Apparently, only one
surface soil sample from one site in t;e comparison area was analyzed. The sample

contained 165 ppm lead.

The results of blood lead testing in children aged 9-71 months for the target area showed
a geometric mean of 7.8 ug/dl (N = 38). For the same age group in the comparison area,
the geometric blood lead mean was 4.0 pg/dl (N = 13). While the differences were
statistically significant, both values are well below the CDC "level of medical concern” of
25 ug/dl, and were low compared with children in other parts of the U.S. (ATSDR, 1988a).
Because no soil lead concentrations are available for individual children, a slope value

cannot be calculated.

H. Summary of Data from Mining Studies: Many of the mining studies are limited by a

lack of environmental data for the individual children in the study, lack of information due
to final reports yet to be released, and lack of subjects in the most sensitive population
group (i.e., children less than 6 years old). The picture that emerges thus far, however,
is that blood leads in towns with mine waste, but no recent or current history of smeiting,
are in general not elevated despite some very high soil lead concentrations (for example,

Heyworth et al.,, 1981, and ATSDR, 1988a). Slopes calculated from the mining studies
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range from virtually O (Barltrop et al,, 1988)’te 4.1 (Gallacher et al., 1984). Two other
studies where it was possible to estimate slopes showed values of 0.6 and 2.2. The

arithmetic mean of all studies is 1.7 ovd e rmudean ¢ 1 Y-

IIl. Comparing Urban/Smeiter Studies with Mining Studies

Comparisorns between studies evaluating the relationship between soil lead and blood lead
can be difficult. For example, many studies investigate dissimilar population groups with
respect to age, socioeconomic status, nutritional status, and sex. Site-specific variables such
_as soil type and form of lead may also be different. Some studies have other major
sources of lead exposure, such as ambient air (in the case of operating smelters) or
7vehicu]ar traffic (in the case of some urban studies). Nonetheless, a few statements can

be made.

In general, studies in mining areas have found either no strong correlation between soil
lead and blood lead (Heyworth, 1981), no elevated blood lead concentrations in areas with
very high soil lead concentrations (Heyworth, 1981), or slopes at the low end of the range
cited by EPA (Barltrop et al., 1975; Barltrop et al.,, 1988; Bornschein et al., 1988). While
the epidemiological studies are not conclusive, taken together, they do indicate that mining
wastes may be different from other sources of lead in contributing to blood leads. The

general trend in the data indicates that children’s blood leads tend to be lower than
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expected (based on non-mining study comparisons), especially given the very high soil lead

concentrations seen in some of these studies.

Figure 1 illustrates the comparison of slopes found in mining studies vs. those found in
studies in urban communities or communities with operating smelters. The slopes from
mining studies average 1.7 (arithmetic mean), about half the average slopes from the
smelter or urban studies. If we exclude from consideration those studies where the slope
values are not corrected for any other sources of lead, the average slope value from mining

studies was 0.9, vs. the average of 3.3 for urban areas and 4.4 for smelter areas.

The slope relationships between lead concentrations in soil/ housedust and blood lead
concentrations described in the epidemiological studies represent empirical correlations
between an environmental medium containing lead and an indicator of lead body burden.
As such, these estimates make no assumptions regarding exposure rate, bioavailability of

lead, or the relationship between lead uptake and blood lead concentrations.

An alternative way to predict the effect of lead exposure on blood lead concentration was
developed by EPA, termed the "Integrated Uptake/Biokinetic" (IU/BK) model (U.S. EPA,
1986a). The IU/BK model represents a flexible technique for incorporating information
on lead concentrations in different environmental media and predicting the impact on

blood lead. The model is potentially very useful in defining the most important
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environmental sources of lead. EPA staff recently validated the model for several locations

and fdund general support for the efficacy of the model (USEPA, 1988).

The model, based on a two-year old child, was derived from assumptions about basic
exposure parameters, on gastrointestinal and pulmonary lead absorption, and on the

e
relationship between lead uptake and blood lead. The IU/BK model has ﬁiﬁ:asic steps:

1. Quantification of lead concentrations in different media (air, soil, housedust,
diet).
2. Estimation of lead intake from that source, using standard assumptions (e.g.

ingestion of 80-135 mg per day of soil/ housedust, U.S. EPA, 1988). These
assumptions also include weighting factors to account for time spent outdoors

vs. indoors.

3. Calculation of amount of lead absorbed, using appropriate absorption factors

for children specific to the lungs or gut.

4. Calculation of total lead absorption by summing absorption from all sources.

s Eshmaion Bﬁ blood Jad From Hu
pted Med oprode valit (eing Hu
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The amount of lead absorbed is then converted to blood lead using data derived from lead

ingestion studies in infants and toddlers (Ryu et al, 1983; Harley and Kneip, 1985). The
relatus

relationship between lead uptake and blood lead isAlincar forblood lead concentrations
below 30 .g lead/DL blood. It is inappropriate to use this model in situations resulting in

blood lead concentrations greater than 30 ug/DL.

/\ The TU/BK model wa.?applied to blood lead data and environmental data from the Doe
This W Hyusk K an Mmr&aﬂswz
Run Company Smelter site in Herculaneum, Missouri (Vornberg et al., 1988).A Thes¢'  ( 2
MD
authors used the EPA approach, except that an ingestion rate of 60 mg soil/housedust per c
n obserphen fedor &~ A
day was assumed (EPA assumed 80-135 mg per day). AThc relationship between the W(‘t“;( (

predicted and observed blood concentrations for children was good with the ratio of

8 predicted to observed falling between 0.7 and 1.1 for 17 of the 20 locations in the 1984
)

Wig

5&“& survey. The predictability was comparable for different soil/dust lead concentrations
ranging from 70 to about 2000 ppm lead and for different air lead concentrations ranging

from 0.3 to 2.8 ug/m3.

EPA staff recently validated the IU/BK model with data from a 1983 study in E. Helena,
Montana (USEPA, 1988). Children aged 1-5 years were studied. They lived in one of
three areas located at progressively greater distances from a smelter. The IU/BK model
closely predicted the blood lead concentrations actually observed in the children living in

Areas 1 and 2. In three separate runs, each using different methods to estimate ambient
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air and/or soil/dust lead concentrations, the ratio of predicted vs. observed blood lead

values ranged from 0.99-1.02. Ualike<the—a of Vormbe ; )
ard ;3020
agg:_n{;d-éo—mg-saﬂ-mgcsmmﬂey, EPA staff assumed 80-135 mg soil ingcstion/dayAin the O

validation of the IU/BK model using E. Helena data.
= T nserst @ Phe VA

To provide a comparison to smelter communities, the-F/Bic-model giua%dso applic?to
data from mining communities (data from Barltrop et al., 1988). These investigators
studied a group of 178 children in the mining communities of Shipham and North
Petherton, England. Children were divided into low exposure (soil lead <1000 ppm) and
high exposure (soil lead >1000 ppm) groups. In this study, greater than twofold
differences in soil/ housedust lead concentrations were observed for the low and high

exposure groups.

Blood lead concentrations were quantified in the two groups and compared with lead

concentrations in soil and housedust:
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Blood lead Soil lead Housedust lead

wg/dl ppm ppm
High Exposure 8.9 1,850 879
Group
(99 (130) (119)
Low Exposure 8.8 177 478
Group
(79) (99) (101)

Number in parentheses = number of cases or samples

The time weighted average soil/dust concentrations were determined for the two exposure

scenarios, assuming that a child spent three hours outside and nine hours awake inside

each day. This calculation yielded an average of 1122 ppm lead per day in soil/dust for

the high exposure group, and 403 ppm lead per day in soil/dust for the low exposure
oM yornburg & af | (933)

group. Assuming 60 mg soil/dust ingested per daﬁa’md a 25% lead absorption from the

gut for lead in soil/dust (from USEPA, 1988), the daily lead uptake for the high exposure

group was estimated as 17 pg, and for the low exposure group, 6 ug.

For the high exposure group, the predicted impact of the soil/dust lead on blood lead is
about 8 pg/dl, while for the low exposure group it is about 4 ug/dl (based on Harley and
Kneip, 1985). The actual observed blood lead in the high exposure group was 8.9 ng/dl,

and for the low exposure group, 8.8 ug/dl. These observed values include exposure to lead
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from al] sources. In the U.S,, for example, dietary lead could add another 4.0 »g lead/dL

blood to the above estimates (U.S. EPA, 1988).

These calculations demonstrate that the [U/BK model overpredicted the impact of mining
derived lead on blood lead concentrations in children. Furthermore, the model predicted
that children in the high exposure group should have about 4 ug lead/dL blood more than

children in the low exposure group. In fact, no differences were observed between the two

groups.

Wﬂ was also applied to earlier data by Baritrop and coworkers (1975}2,

Scribd earlier 3 kt\*“"“‘h Y o
< Using similar- method
He sama

S above, 38.5 ug/day is the estimated lead uptake for the high
exposure group, and 8.3 pug/day for the low exposure group. Resulting blood lead levels
for these lead uptakes are approximately 16 ng/dl and 4.5 .g/d], respectively. The observed
blood lead in the high exposure group was 25 ug/dl, and 20.9 ug/dl for the low exposure
group. If we assume the most important difference between two groups was soil/dust
lead concentrations, the IU/BK model overpredicted the actual observed difference
between the groups by a factor of 3. That is, the [U/BK model predicted a difference of

12.5 pg/dl vs. the 4.1 pg/dl observed difference.

Discrepancies between the observed blood lead concentrations in mining studies and those

predicted by the model may be due to several factors. For example, the soil/dust sampling
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methods may not adequately reflect the soil/dust actually ingested, and the assumptions ea
the soil ingestion rate and e}glthc percent absorption from the gut may not be accurate.
Studies of soil tracer elements in feces of children median average soil ingestion rates of
50 - 110 mg/day (Clausing et al., 1987; Binder et al., 1986; Calabrese et al., 1988) with
values less than 50 mg/day observed in the best calibrated study and employing the three
best tracers from that study (Calabrese et al., 1988). This soil ingestion rate is lower than
that used by EPA in JU/BK model (80-135 mg/day). In addition, assumptions about
gastrointestinal absorption might be modified to incorporate site-specific information.
Based on epidemiological studies of mining communities and on toxicological investigations
of animals exposed to different lead species of varying particle sizes, a lower
gastrointestinal absorption rate may be warranted for mining derived lead as discussed in

later sections.

IV. Exposure to Lead in Mine Wastes

As noted earlier, exterior soils contribute to interior housedust (Bornschein et al.,, 1986).
Because children spend a greater proportion of time indoors than outdoors, particularly
in cold weather, interior housedust can be an important direct source of lead exposure.
Tracing the pathways of mine wastes from their point of origin to residential soils and then

to interior housedust is of particular interest.
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Two pathways may be involved when lead from mine waste sources is tracked into homes
by people or animals. [Except under unusual fugitive dust conditions, air pathways into
the home should be unimportant in the absence of point sources (Murphy and Yocum,
1986)]. The two pathways are: (1) infrequent traversal of mine waste areas and (2)
frequent traversal of gardens and other areas near the home which may have become
contaminated with mine waste materials by runoff, windblown dust, or relocation of mine
wastes (see Figure 2). The tendency for particles to adhere to shoes and pets will be
largely determined by moisture content of the waste and to a lesser degree by particle size

and surface properties.

It is convenient to view the relationship between mine waste lead and blood lead
concentrations as a series of “transfer coefficients." The concentration at each step in the
chain illustrated below can be obtained from the concentration at the prcvioug step by a
multiplicative factor (less than 1):

Mine Waste Area

High Use Area (garden, yard)
|

v

|
|
Housedust |
|
v

v

Hands
I

v

Ingestion
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No explicit values for a transfer coefficient between lead in mine wastes and lead in garden
soil were found. It has, however, been shown that the pattern of contamination from mine
wastes is distinctly different from the pattern of contamination resulting from air emissions
of heavy metals from stacks (Davies and Wixson, 1985; Lagerwerff and Brower, 1975).
While atmospheric contamination results in widespread uniform elevated soil concentrations
exhibiting exponential decay as a function of distance from the source, the contamination
from mines, ore transport, and mine wastes can be spotty. For example, in some areas
where mine wastes (chat) had been used for surfacing roads, the adjacent soils had
elevated lead concentrations. This effect extended only 100 meters from the road, with

50% of the contamination confined to first 25 meters (Lagerwerff and Brower, 1975).

«5}“‘7 In the Skagway investigation discussed earlier (Alaska, 1988), the limited aream

W
s+ \3 Y‘*‘,U the transport of ore over roads was illustrated by the fact that in one soil sample from a
¢
V‘ v O street gutter, the lead concentration was greater than 28,000 ppm. Yet, a soil sample 5
’\C‘;}}*
P N feet within the private property line nearby showed only 672 ppm lead.

~—

These data indicate that lead in mine wastes or mine ores may not be widely or evenly
distributed from the source, especially compared to emissions from operating smelters.
The particle size of mine wastes is sufficiently large such that airborne particles tend to

settle out quickly and do not deposit in as broad an area as the much smaller aerosols
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from stack emissions which stay airborne longer and travel farther. The particle sizes of
a variety of tailings materials from different ores have been measured in the range of 10
to 1000 um with none smaller than 1 um (Andrews, 1975). In contrast, primary particles
emitted from high energy sources such as smelters largely fall in the 1-3 um size range,

with a significant number of particles smaller than 1 um (Perera and Ahmed, 1979).

A. Garden Soil-Housedust Transfer Coefficient: Studies conducted by Barltrop and

coworkers (1975, 1988) can be used to estimate the transfer coefficients for the relationship
between garden soil and housedust. Garden soil is used as a surrogate for all high use ~
areas near the home. Table 4 shows geometric mean values for lead in housedust and
garden soil in mining communities in Derbyshire (D) and Shipham/ North Petherton (SNP).

The table has been constructed by aggregating the garden soil lead values in each

community below 1000, between 1000 and 10,000, and above 10,000 ppm.

The data from Table 4 were plotted (using least squared regression techniques) in
Figure 3. The ordinate intercept in Figure 3 of 605 ppm represents the expected
background concentration of lead in housedust from sources in the house or nearer the

house than the garden. The equation developed from Figure 3 is:

Pb in housedust (ppm) = 605 ppm + .16 (Pb in garden soil, ppm)
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The value of 0.16 is the "transfer coefficient” between lead in garden soil and lead in
housedust. This coefficient assumes a linear relationship between soil lead and housedust

lead when concentrations of soil lead are greater than 605 ppm.

According to these results, the lead concentration in garden soil would have to be about
3900 ppm for the lead tracked in from gardens and other high use areas to contribute an
amount equal to the contribution from sources, such as lead paint, in or closer to the home

(e.g., 605 ppm).

Davies et al. (1985) also investigated the relationship between garden soil and housedust
using paired samples from a former lead mining area in North Wales. Their data showed
that 27% of the variability in housedust lead could be explained by soil lead. They also

developed a regression equation on the relationship between soil and housedust lead:
(log lead in dust,ppm) = 0.3 (log lead in soil, ppm) + 1.65 (log)

By taking the antilog of this equation and by defining the transfer coefficient as the
derivative of housedust concentrations with soil concentrations [d(Pbdust)/d(Pbsoil)], the
transfer coefficients for different soil lead concentrations can be calculated. A transfer
coefficient of .15 was derived for a soil concentration of 620 ppm. At 1000 ppm, the

transfer coefficient was .11, at 2000 ppm .07, and at 3000 ppm .05. Thus, according to
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these results, the lead in soil had a limited impact on lead in housedust and the relative
influence of lead in soil diminished with increasing lead concentrations. That is, the
relationship between soil lead and housedust lead is non-linear, in contrast to the earlier

equation developed on the basis of the Barltrop data.

Table 5 shows actual data on soil lead:housedust lead concentrations from mining
communities. When soil lead is less than 500 ppm, housedust lead concentrations are
greater than soil lead, indicating the greater contribution of indoor sources of lead. When
soil lead is greater than 1000 ppm, however, housedust lead concentrations ranged from
18 to 48% of soil lead concentrations. Furthermore, the data in Table 5 indicate a non-
linear relationship between soil lead and housedust lead, consistent with the regression

equation developed by Davies and co-workers.

The relationship between lead concentrations in air and in dusts and soils in urban and
smelter communities has also been examined by EPA staff (US. EPA, 1986). EPA’s
summary of the data indicates that the soil/indoor dust rclétionsl’u’p is about 1:1, or the
“transfer coefficient” between soil and housedust is generally about 1 (see Table 6). This
contrasts with the data from mining studies, where housedust lead is from 18-48% of soil

lead concentrations.
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B. Conc.]usions: In conclusion, the lower than expected blood lead concentrations in
mining communities may be due in part to the low contribution of lead in mine waste to
lead in soils and to lead in housedust. As indicated earlier, the particle size of mine wastes
is sufficiently large such that airborne particles from a mine waste source tend to settle out
quickly and do not deposit in as broad an area as the much smaller aerosols from stack

emissions which stay airborne longer and travel farther.

V. Occupational Studies

Occupational studies of workers exposed to lead sulfide can be instructive in evaluating the
bioavailability of lead sulfide and in providing quantitative information on exposure levels
of lead particulates of defined size fractions. Thus, these studies can be compared with
experimental studies of adult men exposed by inhalation to submicronic lead oxide aerosols
or to lead in ambient air (mainly lead halides, lead sulfate, and lead oxide) to evaluate the

bioavailability of lead sulfide as compared to other lead species.

Two studies of workers exposed to lead sulfide during milling operations are available
(Belden and Garber, 1949; Roy, 1977). In the Belden and Garber study, physical exams
and clinical chemistry evaluations were performed on 16 workers at 5 mills in the Missouri
"Lead Belt". The investigators noted that there was nothing in the physical exam, which

included indicators such as wrist drop or history of weakness, to indicate lead toxicity.

32 rpt808t.706



Blood ;cu cytology was normal with no evidence of basophilic stippling or reduced red cell
counts. Finally, blood lead concentrations were between 3 and 142 ug lead, with an
average (probably arithmetic) of 26 ug lead/dL of blood. (Many of these values would be
considered high by today’s standards.) An average value of 26 ug lead/dL blood is
consistent with the lack of anemia, which has a threshold of about 50 ug lead/dL blood in

adults (U.S. EPA, 1986a). Thus, the blood lead concentrations are consistent with the

clinical picture.

Air lead concentrations at the four mills were extremely high, ranging from 300 to
8000 ng/m? air. These are at least 6 times higher than the current OSHA permissible
exposure level for lead of less than 50 pg lead/m3 air, which is set to protect waorkers
against a blood lead concentration of 80 ng/dL blood at present, declining to less than

50 ug/dL blood in the fifth year of the standard (OSHA, 1987).

While the data are not sufficient to calculate an accurate slope value (ug lead/dL blood
per ug lead/m3) for lead sulﬁ;]c, a rough estimate of the maximum slope may be calculated
using the following assumptions. A geometric mean of air lead concentrations can be
calculated from the highest and lowest values to yield an estimated air lead concentration
of 1500 ng lead/m? air. Using an average (probably arithmetic) blood lead concentration
of 26 wug/dL blood, an estimate of .017 ng blood lead/ug air lead is obtained. (Using an

arithmetic mean blood level would tend to overestimate this slope value compared to the
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use of a'geometric mean. Information was not sufficient to calculate a geometric mean

blood level.)

To convert this estimate from an 8 hour per day, 5 day per week exposure to a 24 hour
continuous exposure, the slope is muitiplied by 4.2 to yield a "slope" of less than .07 .g
lead/dL blood per ng lead/m? air. (Note: this represents a maximum estimate, because
non-occupational sources of blood lead would also have contributed to the overall blood
lead concentrations.) This calculation assumes a linear relationship between exposure time
and blood lead concentrations, which is reasonable for a chemical with a long

pharmacological half life such as lead.

Roy (1977) studied 15 (out of a total of 24) male workers at a lead mill in the Missouri
Lead Belt. Personal samplers were used to obtain total and respirable air lead
concentrations. Air lead concentrations were elevated, with 85% of the measurements of
total air lead exceeding the 1977 proposed OSHA standard of 100 ug/m3. The arithmetic
mean total air lead was 420 ng/m? and the arithmetic mean respirable air lead was

110 pg/m3. The arithmetic mean blood lead concentration was 42 ug/dL.

A slope for blood lead:total air lead was calculated using the same approach as described
above. This calculation yields an estimated slope of less than 0.42 pg lead/dL blood for

total lead/m? air. A slope of 0.33 g lead/dL blood per g respirable lead/m? air was
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calculated from the graphic representation of the data set for respirable air lead
(Figure 4). The closeness of the slopes for total and respirable lead suggests that the bulk
of the particulates are in the respirable size range and that non-occupational sources of

lead are not a major contributor to blood lead in this worker population.

These slope estimates may be compared to slope values derived from experimental
inhalation studies of adult men to lead oxides, halides, nitrates, and sulfates (Table 7)
(U.S. EPA, 1986). These slope estimates were calculated by EPA staff and ranged from
0.8 to 2.9. For each study, an inhalation slope was calculated for each individual subject.
The mean slope for the study was then calculated as the arithmetic mean of the individual
slope values. The experimental inhalation slopes are from 2 to 40 fold higher than those
from lead sulfide, demonstrating reduced bioavailability of inhaled lead sulfide as compared

to other forms of lead commonly found in the ambient air.

Other human studies involving exposure to lead sulfide are of more limited value. For
example, studies of Asians exposed inadvertently to lead sulfide through a cosmetic powder
(Ali et al, 1978) and of adult volunteers ingesting lead sulfide (Rabinowitz et al, 1980)
demonstrate that lead sulfide can be absorbed through the gut. Due to inadequate
information on particle sizes (Ali et al 1978 and Rabinowitz et al, 1980) and on exposure
levels (Ali et al, 1978), these studies are less useful than the occupational studies for

evaluating the bioavailability of different forms of lead.
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V1. Intestinal Absorption of Lead in Soils

It has generally been assumed that adult humans absorb roughly 10% of the total amount
of lead ingested in the diet (Barltrop and Khoo, 1975; Heard and Chamberlain, 1982).
However, the level of lead absorption through the gastrointestinal tract from soils and
dusts may be quite different. The major factors that affect the absorption level include:
1) the chemical form of the lead, 2) the size of the lead-containing particle, and 3) the
nutrients or other compounds ingested along with the lead. The following section reviews
the literature pertaining to the first two of these factors. The third factor is not addressed
because data are inadequate on the relative concentrations of other soil constituents in
mining vs. smelter or urban communities. Next, data on particle sizes and lead content in
sqils and mining wastes are compared. Finally, these differences are discussed in the

context of their predicted effect on the absorption, or bioavailability, of ingested lead.

A. Effect of lead compounds and particle sizes on intestinal lead absorption: Baritrop

and Meek (1975) examined the absorption of twelve different lead compounds, including
solids and oily, viscous liquids, relative to lead acetate absorption. Young rats were fed
a diet containing 0.075% of the indicated lead compound for 48 hours. At the end of this
period, the rats were sacrificed, and the lead content of blood, femur, and kidney was

determined. The absorption of metallic lead (particle size of 180-250 um) was lower than
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the absorption of lead salts (particle sizes <50 um). Of all compounds, lead carbonate
had the highest absorption which the authors suggested may reflect the greater solubility
of this compound in gastric juice. Lead sulfide and lead chromate absorption was
significantly less than lead acetate, while the other lead species (including lead oxides) had

similar absorption as lead acetate.

In a later study, Barltrop and Meek (1979) directly examined the effect of particle size on
intestinal absorption. Their results, based on the absorption of metallic lead using the
experimental protocol described above, are summarized in Figure 5. A nonlinear inverse
relationship between particle size and blood lead and kidney lead was observed. Thus,
smaller particle sizes result in higher lead absorption. The influence of particle size is

especially important with particles <100 um in diameter.

Healy et al. (1982) measured the amount of lead dissolved in_vitro in gastric fluid as a
function of time from two lead sulfide samples A and B, with mean particle sizes of 100:20
um and 30:20 um, respectively. The lead in the smaller particle dissolved faster (100
minutes vs 200 minutes). After sufficient time, however, both samples achieved the same
lead concentrations (see Figure 6). This is consistent with the results of Barltrop and
Meek (1979), who essentially limited the time allowed for the particles of lead sulfide to

dissolve to the residence time in the rat gastrointestinal tract.
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Other an.imal studies indicate that lead sulfide may be less absorbed than other lead
species. In one study, calves were fed lead in the form of phosphate, oxide, basic
carbonate, and sulfide (Allcroft, 1950). The authors found lead sulfide to be "less toxic,"
as defined by lower kidney and blood lead levels and greater survival rates. In another
study, guinea pigs were fed (in a flour vehicle) various lead compounds (Fairhall and
Sayers, 1940). Lead sulfide ingestion generally resulted in less absorption (as measured by
liver, kidney, and bone contents) than lead oxides and sulfates. No particle size

information is presented in these two studies.

A key factor in the dissolution of lead sulfide is pH. For example, Healy et al. (1982)
measured the solubility of lead sulfide (particie size approximately 90 ym) in several fluids,
including water, saliva, and gastric fluid. The results are summarized in Table 8. The lead
was relatively insoluble in water and saliva, but was 800 times more soluble in simulated

gastric fluid.

Day et al. (1979) measured the solubility (extractability) in hydrochloric acid of lead from
street dust collected in two industrial cities. The authors assumed the lead compounds
were primarily oxides and halides emitted from automobiles. Under environmental
conditions, these compounds can then be converted to carbonates and sulfates. The
authors observed a sharp decrease in the extractability of lead with increasing pH. Less

than 10% of the lead was extracted at pH 4 and above, while more than 80% was
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extracted at pH 1, the nominal pH of gastric fluid. However, the significance of this- value
is unknown because the temperature of the extraction does not correspond to physiological
conditions (37¢C) and hydrochloric acid is a simplistic simulation of gastric fluids. Two
other studies confirmed the high degree of lead solubilization from street dust samples at

a pH of about 1 (Harrison, 1979; Duggan and Williams, 1977).

B. Particle size and composition of street dust and mine waste: Biggins and Harrison

(1980) fractionated street dust from four roadside sites in England by size. They observed
a general trend of increasing lead concentrations with decreasing particle size, with the
highest lead concentrations being associated with the <38 um size fraction. In view of the
animal studies cited earlier, this lead particle size distribution would maximize intestinal

absorption.

Que Hee et al. (1985) measured the lead content in six size fractions of housedust
collected in Cincinnati, Ohio. Their results are presented in Table 9. While this study
shows that lead concentration is generally independent of particle size, the bulk of the dust
particles were concentrated in smaller size ranges, with 77% of the lead present in particles
smaller than 149 ym. Again, the particle size distribution of lead in housedust would

maximize intestinal absorption.
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Mill tailings from mining sites can have a wide range of particle sizes. In a description of
a copper mill in Michigan operating from the early 1900s on, final mill tailings varied from
35 to greater than 200 mesh (about 370 to 74 um and smaller) in size (Benedict, 1955).
Others have noted that particle sizes in mill tailings in the U.S. vary from 1 cm or more
(produced in early base-metal jig mills) to 2 mm or less in old gold and copper stamp
mills (beginning in 1860s and 1870s) to a few microns in modern milling operations
(particularly, 1920s and forward). Most tailings discharged from modern mills vary from
0.2 mm to a few microns (Dean et al., 1986). It should be noted that many of the mining
studies described in this paper were from communities where mining and/or milling

operations did not represent the modern variety.

Particle size may also be relevant to the extent of contamination of children’s hands by
soil/dust lead. At a recent conference, one investigator reported that dirt and dust particles
on children’s hands are generally less than 100 um in size (Chaney, 1988). The
implications of this finding are twofold. First, if particles containing lead sulfide from
mining sources are usually greater than 100 »m, the lead sulfide particles in mining towns
are less likely to adhere to children’s hands, thereby reducing actual exposure to lead.
(The authors of a study discussed earlier (Bornschein et al.,, 1988) hypothesized that one
reason elevated blood leads were not seen in young children despite high soil lead
concentrations was the fact that 82% of soil lead was found on particles > 149 ym.)

Secondly, the fact that soil particles on children’s hands are generally less than 100 um
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in size means the lead on the particles will be more bioavailable than if children were

ingesting larger sized particles.

C. Model of Particle Size and Solubility Effect on Rate of Lead Sulfide Absorption: The

effect of the particle size and lead compound solubility on the rate of lead absorption can
be combined in a model based on the Noyes-Whitney dissolution rate law (Healy, 1984).
This model predicts that the rate of lead dissolved is directly proportional to both the
solubility of the lead compound and the amount of lead on the surface (i.e., the surface
area for a homogeneous particle) available for interaction with the environment.

Mathematically, the equation can be written as:

dC/dt = Kk'S(C,-C) Eq. (1)

where C is the concentration of lead in bulk solution, S is the surface area of the particle,
G is the solubility, and k’ is a constant of proportionality. This model assumes that the

particle dissolution is reversible and allows a nonzero initial concentration of lead.
For the case of lead particles dissolving in the GI tract, this model can be simplified by

assuming (realistically) that lead particles cannot be reformed in the GI tract and that the

lead concentration, C, is always well below the solubility limit. The assumption that lead
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particles won’t be reformed is reasonable because some of the solubilized lead will be

absorbed into the body leading to non-equilibrium conditions.

Noting that S a R? and that d/dt(CV) is a d/dt(R?), we have:

R = Ro- kGt Eq. (2)

where R is the radius after time t in the gastrointestinal tract, Ro is the initial particle

radius, C; is the solubility, and k is a constant of proportionality. The fraction of the

particle dissolved during a fixed amount of time can be derived from this equation as

follows:
3 3 3
R - R kC t kC t
f s e . 1.1 .= when - <1
R3 R R
o 0 o
Eq. (3)
KC t
= lwhen—R-§—>l
0

For particle sizes Ro < kG, the fraction of the particle dissolved is independent of
solubility. Thus, for small enough particles, or long enough time, solubilization will be

complete, regardless of the solubility of the compound.
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For particle sizes of Ro >> kGt
f = 3 kGt/Ro

Thus, for large particles, the fraction of the particle dissolved is proportional to the

solubility of the compound.

Figure 7 shows how the model for particle dissolution, as defined in Equation 3, can be
fit to the experimental data from Barltrop and Meek (1979). The theoretical curve in
Figure 7 was obtained assuming kCit = 16.5 to fit the data. The numerical values of 8
and 22 fit the equation to the observed increase in blood lead over the baseline of 8 .g/dl.

It is assumed that there is a linear relationship between blood lead and lead dissolved “-m/
FLWPW(‘ &L/QLF(/YUAUCO%% ;W % %ﬁ pived

the stomach.
e a L Seeho (1929)
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D. Conclusions: Bascd on the data presented in this section, if appears likely that lead =~ ~—
in mine wastes, typically in the form of lead sulfide, is less bioavailable than lead typically

found in street dusts, partly due to its lower solubility. One reason may be that ingested

lead sulfide is generally less absorbed in the gastrointestinal tract than other lead species.

A second reason is that lead on smaller particles, particularly less than 100 pm in size, is
absorbed more easily in the gastrointestinal tract. Sampling data have demonstrated that

mine wastes can have particle sizes greater than 100-150 um in size, and that most lead
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is lead sulfide. For street dust, most lead is found on smaller particles (<150 ym) and is
usually in the sulfate, halides, or oxide form. The experimental data presented above show
that particles greater than 150 ym in size would be expected to be dissolved at a much

lower rate than the 40-150 um dust particles that contain the largest concentrations of lead.

VII. Conclusions

This paper has reviewed studies indicating that children living in areas with high soil lead
concentrations due to mine wastes appear to have lower than expected blood lead
concentrations. Epidemiological studies from urban communities and/or communities with
operating smelters were summarized to provide a comparison for studies in mining
communities. For all studies, "slope" values were derived. The slope is the relationship
of the expected increase in blood lead levels to a certain increase in soil (or housedust)

lead concentration.

Slope values in urban and/or smelting communities generally ranged from approximately
1 to 8, while studies in mining communities were in the low end of that range (0 to 4).
Taken together, the epidemiological data therefore indicate that lead in mine wastes may
have less of an impact on the body burden of lead in children residing in the mining town
as compared to other communities with lead contaminated soils. Unfortunately, very few

studies have been completed on children living in mining towns with no recent smelter
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activity. - A caveat, therefore, in comparing the mining studies to urban and/or smelter
studies is that mining studies generally have less environmental data, do not have
environmental data specific to each individual child (such as soil lead in a particular child’s

yard), and are fewer in number.

Several possible reasons for this observation have been explored in this paper. Exposure
to lead in mining communities may be reduced compared to urban/smelter communities.
For example, lead in mine wastes may contribute less to lead in soils than lead from
operating smelters or in urban settings. The particle size of mine wastes is sufficiently
large such that airborne particles from a mine waste source tend to settle out quickly and
do not deposit in as broad an area as the smaller aerosols from stack emissions which stay

airborne longer and travel farther.

In urban settings or areas with operating smelters, indoor dust concentrations were similar
to soil concentrations. In mining studies, however, indoor dust concentrations were less
than soil concentrations, varying from about 15-45% of the soil concentration. This
relationship was true only when soil concentrations were greater than about 500-1000 ppm.
At lower soil concentrations, housedust concentrations were_ often similar to or greater
than soil concentrations, probably reflecting the predominance of indoor sources to

housedust lead at lower soil concentrations.
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Possible reasons for lower housedust lead concentrations in mining communities include
the fact that in urban communities and/or communities with operating smelters, lead from
deposition of airborne lead is more concentrated on surface soils, and thus more available
to be tracked into homes. In addition, airborne lead can penetrate buildings and
contribute to housedust lead concentrations in this manner. Furthermore, the physical-

chemical properties of lead in soil may influence its potential to be tracked into homes.

Existing data indicate that most mine wastes are primarily composed of lead sulfide.
Occupational studies involving exposures to lead sulfide demonstrate that workers exposed
to very high concentrations of lead sulfide did not have blood lead concentrations as high
as predicted. Slope values for inhalation exposure to lead sulfide were compared with
slope values from inhalation studies with other lead compounds. Slopes for lead sulfide
were from 2 to 40 times lower, demonstrating reduced bioavailability of lcadi sulfide via

inhalation exposure.

Finally, possible biological mechanisms for a reduced bioavailability of lead sulfide were
reviewed. Experimental data investigating the effect of particle size and lead species
solubilities were reviewed. These data indicated that small particles typical of urban street
dust (<140 ym) dissolve more readily in the gastrointestinal tract than larger particles

which may be typical of mine wastes (>150 um). Experimental studies also show that lead
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sulfide is less absorbed than other lead species after ingestion. This may be due to the

fact that lead sulfide is less soluble than other lead species in the gastric fluid.

More research is needed on the relationship between blood lead concentrations and
exposure to lead in mine wastes. For example, future epidemiological surveys should
provide measurements of lead concentrations in interior housedust. This is based on
evidence that exterior soils contribute to interior housedust, which in turn contributes to
lead found on children’s hands, ultimately resulting in inadvertent ingestion of lead by
children. Recent work in Cincinnati indicates that soil surface scrapings do not correlate
directly with blood leads. Instead, they correlate indirectly with blood leads via housedust.
Thus, sampling of lead content of exterior soils may inadequately reflect the primary
exposure of children - that of housedust. This review has presented evidence that mine
wastes may contribute less to housedust than urban soils or soils contaminated with metals

from smelter sources.

Other questions that need to be addressed include the following:

1. Better definition of particle size vs. lead content in housedust and soils in mining
communities. Evidence exists that mine waste particle sizes are larger than those
reported in soils/dusts in some urban and operating smelter community studies. If

this is so, most of the lead in mining communities might be found on larger particle
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sizes, which in turn makes that lead less likely to enter buildings and less

bioavailable.

2. Research in animal models on the difference in uptake of lead in soils and
housedust in mining communities vs. urban and operating smelter communities.
This research is suggested because of the possible difference in uptake of different
lead species and because different lead species may predominate in mining vs.

urban and smelter communities.

In conclusion, the evidence from epidemiological studies that lead in mine wastes may be
less bioavailable has both biological and physicochemical plausibility. As more studies
investigating blood lead concentrations in children residing in mining towns become
available, this issue should continue to be explored. Such information will help ensure that

remedial activities are consistent with the public health risks posed by such sites.
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1Population studies of blood lead concentrations show that these concentrations
have a skewed distribution. Thus, it is generally more appropriate to describe the overall
population blood lead concentrations in terms of geometric means, which are better to use
with skewed data. It would be inappropriate to compare a geometric mean value with an
arithmetic mean value. Thus, all comparisons in this paper between blood lead
concentrations seen in one study vs. another study are comparisons based on geometric
means.
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Table Summary Teble of Blood Leod:Soil Lead Retstionship from Studies In Communities with Operating Smelters
Author Clty/study Population Sofl Lead Housedust Lead Slope*
Angle & Omahs, N8 Geom x = 227 ppm Geom x = 337 ppm 6.8 (a)
ncintire, Age: 1-18 yrs 95Xtile = B43 ppm 95Xtile = 894 ppm
1979 N = 1075 C(rarge: 16 - 4,792 ppm) (renge: 18 - 5,571 ppm) )
Yankel et al. Kellogg, 10 x = 7000 ppm x = 11,000 ppm 1.1 [a)
1977 Age: 1-9 yrs (ss high as 24,000 ppm (as high as 140,000 ppm)

N = 850 within 1 mile)
Panhardle Kellogg, 10 Geom x = 481 ppm (far) Geom x = 1,138 ppm (for) 3.0 (b}
District ot al. Age: 1-9 yre 3,474 ppm (near) 3,933 ppm (neear)
1986 N s 364
Neri et al. Trail, British Group x in different areas N/A 7.6 (al for 1-3 yrs
1978 Columbia of Trail ranged from: 4.6 {a) for ist greders

Age: 1-3 yrs 225 - 1,800 ppm
N =87
Age: 1st grede

N =103
Ualter Kellogg, O Not given; presumsbly ot given; presumebly 1.1 (a) average
1980 Age: 1-9 yrs simitar to Yonkel et at, 1977 similar to Yenkel et al, 1977 for ages 2-7 yrs

Ne= 983
Roberts et al. Toronto, Ontarfo Group arith. x renged from: Group srith. x renged from: 5.0 (c)
1974 mixed adults/children 100 - 2,626 ppm 845 - 2,005 ppm

N =80

N/A not sveilable

b defined as the increase in blood leed (ug/dl) per 1,000 ppm increase in soll lead

{a) colculated by EPA (U.S.EPA, 1988) - takes into account other sources of exposure

()] “PbB (ug/dl)/"PbS (ppm) - does not take into account other sources of exposure (calculated by suthors)
fc) calculated by Duggan & Inekip, 1985 - corrected for incresse due to inhalation of air ead



Summery Teble of Blood Lead:Soil Lead Relationship from Urbsn Areas Without as Opersting Smelter

City/Study Populstion

Soll Lead

Housedust Leed

.....................................................................................................................................................

Charleston, SC
Age: 0-5 yrs
N 194

Geom x = 585 ppm
(renge: 9 - 7,890 ppm)

.....................................................................................................................................................

Stark et al.
1982

Neu Saven, CV
Age: 0-1 yrs
N =153

Flve levels of SES

(group mean: 233 - 1,327 ppm);

Seven categories of housing
construction
(group meon: 131 - 1,300 ppm)

For levels of SES
(group mean: 159 - 628 ppm);
For housing construction
categories
(group mean: 239 - 756 ppm)

.....................................................................................................................................................

Sornschein et ol.
19686

Cincinneti, ON
Age: 1.5 yrs.
Na=p

Geom x = 1,360 ppm
(renge: 76 - 54,519 ppm)

Geom x = 900 ppm
(renge: 82 - 13,820 ppm)

6.2 (c)
from 0-1,000 ppm soil Llead
Estimated slope: 0.76 (c)
from 1,000-2,000 ppm

.....................................................................................................................................................

Bornschein et al.
1968

Cincinnati, oM
N/A

1.2 [c)
when sofl lead increased
from 500-1,000 ppm

.....................................................................................................................................................

Reeves et ol.
1982

New Zealand
Age: 1-3 yrs
us= 195

Soil lead renge:
24 - 842 ppm

.....................................................................................................................................................

Rabinowitz et al.
1985

Group mesn sofl ranged
from 380 - 1,011 ppm

.....................................................................................................................................................

Ninnesota 1987

Ninnespolis-St. Paul, M

Age: 0-5 yrs

N = 656
N/A not avaflable
b defined as the incresse in blood lead (ug/dl) per 1,000 ppm increase in soil lead
(a} calculated by EPA (U.S.EPA, 1986) - takes into account other sources of exposure

o) “PbB (ug/dl)/“PbS (ppm) - does not take into account other sources of exposure (calculated by authors)

(3] calculated by Bornschein et al. - takes into account other sources of exposure
(d) calculated by Duggan & Inskip, 1985 - tekes into account air lead exposure
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Suwmery Table of Blood Lead:Soil Lead Relationship from Mining Sites

City/Study Population

Soil Leaa

Housedust Lead

..................................................................................................................................................

Bornschein et of.
1908

Jelluride, CO
Age: <4 yre
N=9%

2.2 [c)
based on incresse from
500-1,000 ppm soil {ead

..................................................................................................................................................

Gallacher et al.
1984

4 asress in
Vales
Age: 1-3 yre
=93

Geom x = for sofl

rosd 356 ppm
deadend 271 ppm
wining 1,167 ppm
control 79 ppm

..................................................................................................................................................

Nor thhampton,
Australie
Age: 5-14 yrs
N = 81

Soil lead at town boundary:
300 ppm
playground range:
11,000 - 12,000 ppm

Geom x = for cust 4.1 [b)
road 202 ppm
deadend 177 ppm
mining 350 ppm
controt 177 ppm
N/A No significant difference

between children with homes

on tallings piles vs. those
who were not. Pb8 were
significently higher in

children residing in town vs.

..................................................................................................................................................

Baritrop et al.
1975

Age: 2-3 yrs
Ns= 82

Geom x in areas with soil lead:

<1,000 ppm 420 ppm
»1,000-10,000 ppm 3,390 ppm

..................................................................................................................................................

Baritrop et al.
1988

N. Petherton

& Shipham, Englend
Age: 3 yrs
. N= 178

>10,000 ppm 13,969 ppm
Geom x = gofl
low 177 ppm

non-residents
Geom x in areas with sofl lead: 0.6 (]
<1,000 ppm 531 ppm
>1,000-10,000 ppm 1,564 ppm
»>10,000 ppm 2,582 ppm
Geom x = dust 0 (bl
low 478 ppm

N/A not available

* defined as the increase in blood tead (ug/dl) per 1,000 ppm increase in soil (ead

{a) celculated by EPA (U.S.EPA, 1986) - takes into account other sources of exposure

b} “Pb8 (ug/dl)/*PbS (ppm) - does not teke into account other sources of exposure (calculsted by authors)
(cl calculated by Bornschein et al. - takes {nto account other sources of exposure



Table 4

Geometric mean values for lead in mining communities in
Derbyshire (D) and in Shipham/North Petherton (SNP)

Concentration of lead in garden

garden soil near residence Lead in Lead in
garden soil housedust
City ppm (ppm) (ppm)
SNP <1,000 177 478
D <1,000 420 531
SNP >1,000 1,850 879
D >1,000 3,390 1,564
<10,000
D >10,000 13,969 2,582
From:

Barltrop and Strehlow, 1988.
Barltrop et al., 1975.



Bornschein et al, 1988

Gallacher et al, 1984

Barltrop, 1975

Barltrop, 1988

Davies, 1985

Iah!e i

Soil Lead: Housedust I ead
. . . unities

(geometric x, ppm)

Soil Pb
178

1,167
420
3,390
13,969

177
1,850

1,127

Housedust Pb

281 (floor)
567 (windowsill)

350
531
1,564
2,582

478
879

340
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Generalized Relationships Between Lead Concentrations
in Air and in Dusts and Soil*

Outdoor Soil/Dust Lead Indoor Dust Lead
(»g/g) (g/g)
Air Lead Near Point Near Point
Gglp) General  _Source General  _Source
0 5-30 20-100 5-30 20-100
0.1 20-90 50-300 40-100 40-200
02 40-150 80-450 70-200 70-400
03 70-250 125-600 100-250 250-600
04 100-350 200-700 200-300 300-650
0.5 150-500 350-800 250-400 350-700
0.6 200-650 450-1000 300-500 400-750
0.7 250-800 550-1150 350-600 500-800
0.8 300-950 650-1300 450-700 600-900
1.0 500-1150 750-1450 525-875 800-1150
1.25 600-1250 850-1600 625-1000  1000-1400
1.5 700-1400 1000-1750 750-1150 1200-1700
1.75 775-1450 1075-1950 800-1200  1350-1900

*The ranges of dust and soil concentrations for each air lead level reflect differences in
emission sources, distance of measurement sites from these sources (within 5 km for point
sources) and characteristics of the homes (e.g., permeability, paint condition, etc.), and
other variables assumed to be representative of real world conditions.

Reference: Table B-2, U.S. EPA, 1986a



Form of Lead

Submicronic lead
oxide

Ambient air (Lead
halides, sulfates,
and oxides)

Ambient air
Submicronic car
exhaust, lead oxide

and lead nitrate

Submicronic lead
sesquioxide

Lead sulfide

Lead sulfide, total

Lead sulfide,
respirable

Table 7

Relationship between Blood Lead Concentrations

and Air Lead in Adult Males

ug Lead/dL Blood
per ug Lead/m? air

2.4*

0.9*

2.8

2.9

0.8

<0.07°

<0.42%

0.33b

Reference
Griffin et al,
1975

Griffin et al.,
1975
Rabinowitz et
al, 1977
Chamberlain et
al., 1978
Kehoe, 1961
Belden and Garber,
1949

Roy, 1977

Roy, 1977

aMean slopes calculated from data in OAQPS Staff Paper on Lead (U.S. EPA, 1986)
bCalculated in this paper.



Table 8
Lead Solubility (mg/1000 cm? at 36¢C) of eye cosmetic

Medium
—Sunulated gasaic
Sample Water Saliva - fluid
Lead sulfide (galena) 1.1 1.6 892
Bradford surma 12 1.7 , 870
Al kohl (Kuwait) 1.1 1.7 805
Al kohl! (Saudi Arabia) 11 1.6 836

From: Healy et al., 1982



Table 9

Normal Housedust Particle Size and Lead Content

Weight % of Lead Content % Lead in
Size Range Fractionated ug Po/g Unfractionated
(um) Dust of Dust Fraction Dust
<4 18% _ 1,440 21%
44-149 58% 1,180 56%
149-177 4.5% 1,330 . 4.9%
177-246 2.7% 1,040 2.3%
246-392 6.1% 1,110 5.6%
392-833 11% 1,090 9.6%

From: Que Hee et al., 198s.



Figure 1

Slope Values for Mining, Smelter & Urban Studies
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Figure 2
| Sources of Lead in House Dust
In o Mining Community (No Point Sources Present)
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Pb in House Dust (ppm)

(Thousands)

Figure 3

Relationship Between Garden Soil and Housedust Leod
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Bosed on data derived from:

Baritrop & Strehiow, 1988
Barltrop et al.,, 1975



Figure

4

Relationship Between Blood Lead and Respirable Air Lead
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Blood Lead (ug/100g)

Figure 5

Effect of Porticle Size on Leod Absorption from the Rat Gut
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Reference: Barltrop and Meek, 1979




Figure 6

Variation with particle size “of ‘the raote of dissolution of lead

sulphide} in gastric fluid.

Sample ;A. 100 +/- 20 u; Sample B, 30 +/- 20 m
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Refere?ce: Heoly et al.,, 1982



Blood Lead (ug/100g)

Figure 7

_Effect of Particle Size on Lead Absorption from the Rat Gut -
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Experiment: Rots, metallic lead particles odded to food
for 48 hours.

Reference: Barltrop and Meek, 1979



